Abstract-This paper deals with the flux estimation for induction motor drives. The equations for the parameter sensitivity of both the flux estimation and the torque production are derived for a full-order flux observer. Based on the parameter sensitivity analysis, a very simple method to determine a robust observer gain combining the current model and the voltage model is proposed.
I. INTRODUCTION
Flux estimators are required in high-performance direct field orientation control of induction motors. A flux estimator is a dynamic model of the motor requiring estimates of certain parameters of the motor. A problem is that actual parameters of the motor vary with temperature (resistances) and magnetic saturation (inductances). The effect of magnetic saturation on inductances can be modelled in a practical way, but the changes in temperature are much more difficult to handle. The increasing temperature may increase the resistances more than 50 percent over their ambient value.
Inaccurate motor parameters may cause input-output torque nonlinearity and saturation of the motor [1] . Consequently, the flux estimator should be as insensitive to varying parameters as possible. The parameter sensitivity of both the flux estimation and the torque production for the conventional indirect field orientation control was analyzed in [1] . The parameter sensitivities of the usual reduced-order flux observers used in direct field orientation control were compared in [2] , and an observer combining the current and voltage models was proposed.
The full-order flux observer [3] , [4] is a versatile flux estimator for both speed-sensored and speed-sensorless drives. It offers good performance and robustness against measurement noise. An observer gain determines the properties of the observer. The selection of the observer gain has a major influence on the parameter sensitivity of the observer.
This paper presents the steady-state parameter sensitivity analysis of both the flux estimation and the torque production for rotor flux orientation controlled drives using a full-order flux observer. Based on the analysis, a very simple method to determine a robust observer gain combining the current model and the voltage model behavior is proposed. The observer using the proposed gain is studied by means of analysis, simulations and experiments.
II. INDUCTION MOTOR MODEL
The parameters of the dynamic Γ-equivalent circuit of an induction motor are the stator resistance R s , the rotor resistance R R , the stator transient inductance L s , and the magnetizing inductance L M . The electrical angular speed of the rotor is denoted by ω m , the angular speed of the reference frame ω k , the stator current space vector i s , and the stator voltage u s . When the stator flux ψ s and the rotor flux ψ R are chosen as state variables, the state-space representation of the induction motor becomeṡ
where the state vector is x = [ ψ s ψ R ] T , and the parameters expressed in terms of the Γ-equivalent circuit parameters are
where p is the number of pole pairs and the complex conjugate is marked by the symbol * .
III. FULL-ORDER FLUX OBSERVER
Conventionally, the stator current and the rotor flux are used as state variables in full-order flux observers. However, choosing the stator and rotor fluxes as state variables is preferred since a simple digital implementation having small discretization errors can then be exploited [5] . In addition, the observer could be used with stator-flux-oriented control or direct torque control [6] as well as with rotor-flux-oriented control. The fullorder flux observer using the fluxes as state variables is defined byẋ
where the observer state vector isx
T .
IV. PARAMETER SENSITIVITY ANALYSIS

A. Flux Estimation
The parameter sensitivity of the flux observers can be analyzed by means of the steady-state expression forψ R /ψ R [2] . The following steady-state relations are obtained by inserting d/(dt) = 0 and ω k = ω s into (1) and (3), where ω s is the angular stator frequency. The relation between the stator voltage and the stator current is
and between the stator voltage and the rotor flux
where the angular slip frequency is ω r = ω s − ω m . The expression for the estimated rotor flux is given in (6) , where the parameters of the observer are marked by the symbolˆ. The desired relationψ R /ψ R is obtained by inserting (4) into (6) and then dividing both sides of (6) by (5). Relations for other estimators and observers as well as comparisons of various observers can be found in [7] - [9] . The relationψ R /ψ R can be used also in the case of speedsensorless drives, where the observer (3) is augmented with a speed-adaptation law. The slip frequency ω r in (6) should be replaced with its estimateω r = ω s −ω m where the speed estimateω m is a steady-state solution of the speed-adaptation law and can be obtained, e.g., by using iteration [10] .
It is interesting to consider two important flux estimators, the current model and the voltage model, as two special cases of the full-order flux observer (3). The real-valued observer gain is considered, i.e., l s = l s , l r = l r . The current model is obtained by choosing the observer gain
where the rotor time constant is τ r = L M /R R . Equation (8) equals to the result given in [2] . The voltage model behavior is obtained by choosing
where the sign of l r is chosen according to the stability conditions. In practice, it is sufficient to choose l r considerably smaller than l s . In order to avoid pure integration, l s should be always chosen slightly larger than −R s . Equation (9) leads tô
which equals to the result given in [2] for the voltage model. 
B. Torque Production
If the drive is operated in the torque mode, i.e., the speedcontrol loop is disabled, the accuracy of the produced torque is crucial. Parameter sensitivities of the flux estimation and torque production are closely related as will be shown. A typical direct rotor-flux-oriented control scheme is shown in Fig. 1 . The magnitude of the rotor flux estimate is controlled by using a flux controller and the angle of the flux estimate is used in the coordinate transformation. Consequently, the reference of the rotor flux is ψ R,ref =ψ R in the steady state. In the following, the d-axis of the reference frame is fixed to the actual rotor flux of the motor as shown in Fig. 2 . The flux is real, i.e., ψ R = ψ R . The flux estimate can be written aŝ (11) where ϑ = (ψ R /ψ R ) = ψ R − ψ R is the angle between the estimated flux and the actual flux. If the current regulation is assumed to be ideal, the reference torque is
and the actual torque is T e = 3 2 pψ R i sq yielding
The torque error can thus be easily determined if the relation ψ R /ψ R is known. When the observer gain (7) yielding the current model is chosen, the relationship (13) corresponds to the well-known result in [1] derived for the standard indirect field orientation control. As assumed, the parameter sensitivity of the direct field orientation using the current model is equal to that of the indirect field orientation.
V. OBSERVER GAIN DESIGN An observer gain can be determined based on the parameter sensitivity analysis. At low speeds, the robustness of the current [2] . The observer gain combining the current model and the approximate voltage model can be easily formed based on (7) and (9). The current model is used at low speeds, whereas the approximate voltage model is applied at high speeds. An example of the observer gain is shown in Fig. 3 . The observer behaves sufficiently close to voltage model when the simple gain component l s = 0 is used. The transition region between the current model and the voltage model was chosen to be ω m = 0.5 . . . 1 p.u. The full-order flux observer using the proposed gain has a simpler structure and is easier to tune than the observer combining the current and voltage models proposed in [2] . Fig. 4 shows examples of the parameter sensitivities using the observer gain of Fig. 3 and the parameters of a 2.2-kW fourpole induction motor given in Table I . It can be seen that the desired combination of the current model and the approximate voltage model is obtained. The error in the flux estimated by the current model is relatively large compared with the corresponding error in the produced torque. Consequently, the saturation of the motor can be a more severe problem than the torque nonlinearity.
The combination of the current model and the voltage model leads to a real-valued observer gain. Since the observer gain is not restricted to be real, there is one degree of freedom still unemployed. However, it is very complicated to determine a robust complex-valued observer gain. One approach is to use H ∞ -synthesis as presented in [11] . Current control α c = 8 p.u.
The observers using the proposed gain and the current model were also investigated experimentally. The control was based on the direct rotor flux orientation and synchronous-frame current control [12] , [13] . The system corresponds to the block diagram in Fig. 1 supplemented with the speed controller.
The speed and flux controllers were conventional PIcontrollers. The bandwidths of the controllers are given in Table II. The observer was implemented by using two reference frames [5] , which made it possible to use the forward Euler discretization even at very high speeds.
The sampling was synchronized to the modulation, and both the switching frequency and the sampling frequency were 5 kHz. The dc-link voltage was measured, and the reference stator voltage obtained from the current controller was used for the flux observer. The magnetizing inductanceL M was modelled as a function of the estimated flux magnitude.
VII. EXPERIMENTAL RESULTS
The experimental setup is shown in Fig. 5 . The 2.2-kW fourpole induction motor was fed by a frequency converter controlled by a dSpace DS1103 PPC/DSP board. The base values used in the figures are: angular frequency 2π · 50 s −1 , current √ 2 · 5.0 A, and flux 1.0 Wb. An example of experimental results obtained using the measured parameters is shown in Fig. 6 . The current model and the observer using the proposed gain were used as the flux estimators in Figs. 6(a) and 6(b) , respectively. The speed reference was initially set to a value of 0.4 p.u. and a rated-load torque step was applied at t = 1 s. The speed reference was changed to a value of 0.8 p.u. at t = 2 s. Finally, the speed reference was raised to a value of 1.2 p.u. at t = 3 s while the rated torque was still applied. Before the instant t = 2 s, the observer using the proposed gain corresponds to the current model since the speed is below 0.5 p.u. The noise in the current components originates from overmodulation.
The rotor flux was monitored by using the voltage model with the measured parameters (i.e., R s and L s ). This monitored flux estimate is believed to correspond to the actual flux of the motor well since the motor speed is high enough. In the estimated flux reference frame, the q-component of the monitored estimate should ideally be zero whereas the d-component should be equal to the magnitude of the flux estimateψ R . The experiments in Figs. 6(a) and 6(b) are close to ideal since the parameters of the observer are close to the actual parameters. It can also be noted in Fig. 6(b) that the transition between the current model and the voltage model is smooth. Fig. 7 shows experimental results obtained using an erroneous rotor resistance estimate. The rotor resistance estimate was set toR R ≈ 0.5R R thus corresponding to Fig. 4(b) . The current model and the observer using the proposed gain were used as the flux estimators in Figs. 7(a) and 7(b) , respectively. In the case of the current model, there are large errors both in the flux amplitude and the flux angle when the load torque is applied. This can be seen from the flux components monitored by the voltage model. The error in the flux estimate deteriorates the current regulation and the torque production since there is not enough voltage to be used. The observer using the proposed gain has a substantially smaller estimation error at high speeds, since the observer begins to behave like the voltage model.
VIII. CONCLUSIONS
The parameter sensitivity of the full-order flux observers can be analyzed using analytical relations derived in the paper. Based on the analytical relations, a simple robust observer gain combining the current model and the voltage model can be determined. The full-order flux observer using the proposed gain has a simple structure and is easy to tune. A smooth transition between the current model and the voltage model is obtained.
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